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Abstract

Higher bandwidth becomes a major challenge in the development and imple-
mentation of visible light communication systems as transmission rates
increase. One way of increasing bandwidth is through wavelength division mul-
tiplexing in multicarrier systems that use red, green, and blue light-emitting
diodes to produce white light. However, these systems often suffer from low
performance as a result of crosstalk interference, mainly caused by the imper-
fect nature of optical filters used to discriminate between the colors. This paper
demonstrates the use of centralized transmitter power control to predict the
trends in the performance of a multicarrier visible light communication system
that employs red and blue light emitting diodes. We have shown that, using a
model that takes into consideration the effects of optical filters used for detection
of colors at the receiver, one is able to predict the trends in the overall system's
performance. This enables us to adequately determine the optimal power levels
in the red and blue channels, which will result in the best overall performance of
the system. Our model can be used in the design and implementation of multi-
carrier systems to minimize the crosstalk, which improves the performance, and
lead to efficient higher bandwidth. The model is first implemented in computer
simulations and then tested on an experimental set-up to validate the results.

1 INTRODUCTION

Radio-based wireless communications are ubiquitous but suffer from several issues, namely, spectrum congestion and
lack of bandwidth for future technologies such as fifth generation.1,2 In addition, radio transmissions are difficult to secure
because the signals easily penetrate through walls. The internet of things will rely heavily on wireless technologies but will
cause major congestion on existing wireless infrastructure. LiFi is a potential technology, which uses visible light instead
of radio waves for short range wireless communications. With light-emitting diode (LED) lighting becoming common, it
is a natural extension of the lighting technology to modulate the LEDs at high speed to enable potentially high bandwidth
downlinks.3-8

In order to further increase the bandwidth of these so-called visible light communication (VLC) systems, wavelength
division multiplexing (WDM), which is typically used in fiber optic communications, can be used. As white light can be
produced using red, green, and blue (RGB) LEDs, it has been shown that multiplexing of these three colors leads to an
increase in bandwidth.9-14 Discriminating between the colors in a WDM system is imperfect and is the dominant source of

†Abbreviations: VLC, visible light communication; WDM, wavelength division multiplexing; LED, light-emitting diodes; OOK, on off keying
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crosstalk, which lowers the capacity of the system due to errors. In this work, we show theoretically and experimentally
that a water-filling algorithm can be used to effectively combat this problem.

Resource allocation and coordinated interference management techniques have proved effective in improving the per-
formance of conventional radio communication systems specifically in cognitive radio systems, where systems are affected
by high crosstalk interference.15-19 Application of coordinated interference and resource allocation management tech-
niques such as bit-and-power algorithm to orthogonal frequency-division multiplexing VLC systems have been reported
in other works.20-25 In this work, we use the water-filling approach to determine the power allocation for a WDM VLC
system that employs red and blue LEDs. We are able to predict the trends in the system's bit error rate (BER) and use this
information to locate the optimal power allocation point to ensure efficient use of the spectrum. This will result in an
improved performance of the WDM system.

The water-filling algorithm is a centralized optimization technique that allows for the adaptation of the transmitter
signal to the channel condition to optimize channel capacity. This algorithm is commonly used in radio communication,
when the channel is corrupted by strong crosstalk interference or severe fading to improve the transmission rate.18,26 More
details on how the water-filling algorithm works is given in Section 3 of this report.

In order to adapt this algorithm to the VLC channel, we propose and experimentally verify analytical expressions to
determine the power allocation. The total optical power at the transmitter (the total intensity of the red and blue LEDs) is
optimally shared between the red and blue subchannels, reducing crosstalk interference between these color subchannels
so as to minimize the overall system's BER. Our aim is to be able to find the optimal power allocation point and predict the
trends in the overall system's BER, for different power allocations, and investigate how optical filters used at the receiver
affect the location of this optimal point. This will enable the design and implementation of more efficient WDM VLC
system and further improve the performance of these VLC systems.

In Section 2, a detailed description of the VLC channel is provided with RGB multiplexing in mind. Section 3 presents
the formulation of optimal power control for the RGB VLC system based on the water-filling approach. Section 4 describes
the analytical solution to the optimization problem for our two color scheme and some simulation results. Thereafter, in
Section 5, the experimental set-up is described. Experimental results are presented in Section 6. Concluding remarks are
given in Section 7.

2 CHANNEL MODEL FOR WDM RGB VLC SYSTEMS

In this section, we look at a multicarrier RGB VLC system and consider the main source of crosstalk in these type of
system. Consider a WDM RGB-LED VLC system with additive white Gaussian noise channel, as shown in Figure 1. The
transmission is governed by Equation (1)27,28

r = Hs + Ni =

⎛⎜⎜⎜⎜⎝
hrr hrg hrb

hgr hgg hgb

hbr hbg hbb

⎞⎟⎟⎟⎟⎠
s + N, (1)

where H is the 3×3 channel transfer matrix and N is the subchannel noise vector. r and s are 3×1 column vectors that
represent the received and transmitted symbols, respectively. The diagonal entries hrr, hgg, and hbb denote the interfer-
ence free line-of-sight link between a particular LED and its corresponding photodiode where the ideal value is one. The
remaining entries represent the cross-talk between the different color subchannels, which are ideally zero.

Transmitter Receiver

Optical filter

FIGURE 1 Graphical representation of a simple wavelength division multiplexing multicarrier red, green, and blue light-emitting diode
visible light communication system corresponding to Equation (1)



KAMWANGALA ET AL. 3 of 11

FIGURE 2 Spectrum of the color filters and light-emitting diodes (vertical lines) used in the experiment. The wideband frequency
response of the optical filters allows the various color subchannels to interfere with each other, resulting in a poor overall system
performance if optimal power control is not used

Detection of RGB light signals at the receiver can be achieved using optical filters to prevent unwanted wavelengths
from passing through, while allowing wavelengths of interest. Figure 2 depicts the frequency response obtained from a
spectrometer of the different color filters used in the implemented VLC system. Also shown in Figure 2 are the dominant
wavelengths of the respective LEDs used.

As can be seen in Figure 2, the imperfect nature of the color filters used at the receiver means that light from the green
LED is able to go through the blue filter, while some red light will pass through the green and blue filters.

The signal-to-noise ratio (SNR) in the received signal is dependent on both the shot (and other electronically introduced)
noise and background lighting. In this case, however, we assume that another contributor to the SNR is the crosstalk
interference between subchannels. Put differently, due to the imperfect nature of the optical filters, each color subchannel
is directly affected by the the interference from the other subchannels. Therefore, a more accurate expression for SNR
should take into account the effects of the interference between the various color subchannels. The SNR can be broken
up into three separate expressions for each channel and written as

SNRR = |hrr|2PR

No + ΓR
, SNRG =

|hgg|2PG

No + ΓG
and SNRB = |hbb|2PB

No + ΓB
, (2)

where Pi is the power of the respective LED No is the normalized shot and background noise in the system, and Γi is the
total interference from the other channels given by

ΓR = |hrg|2PG + |hrb|2PB

ΓG = |hgr|2PR + |hgb|2PB (3)
ΓB = |hbr|2PR + |hbg|2PG.

Equation (2) shows that the crosstalk interference between the color subchannels increases with increasing transmit
optical power. Increasing the total power does not necessarily improve the performance. The expressions for SNR in
Equation (2) also show that the interference between the different subchannels increases the total noise power of the
system, which, in turn, shifts the detection threshold level away from its optimal level, thus resulting in a reduced system
performance.

The probability of error often referred to as BER is the most important metric used to assess the performance of a
digital communication system. The BER is a function of the SNR and as OOK is the modulation scheme used in our VLC
multicarrier system; the BER is expressed as29,30

BEROOK = Q
(√

SNR
)
, (4)

where Q(x) is the Gaussian complementary error function. Assuming that the bit rate is the same across all color sub-
channels, in an OOK modulated WDM VLC system with RGB LEDs, the overall BER can be expressed in terms of the
individual BER in the red, blue, and green subchannels as

BERRGB = 1
3
(BERR + BERG + BERB) . (5)
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The variables BERR, BERB, and BERG in Equation (5) represent the individual BER for the red, blue, and green color
subchannels, respectively. The expression for the overall system's BER in Equation (5) can now be written in terms of the
Q-function in (4) and the SNR in (2) as

BERRGB = 1
3

⎛⎜⎜⎝Q
⎛⎜⎜⎝
√|hrr|2PR

No + ΓR

⎞⎟⎟⎠ + Q
⎛⎜⎜⎝
√|hgg|2PG

No + ΓG

⎞⎟⎟⎠ + Q
⎛⎜⎜⎝
√|hbb|2PB

No + ΓB

⎞⎟⎟⎠
⎞⎟⎟⎠ . (6)

From Equation (6), it is clear that the crosstalk between the color subchannels affects the overall system's BER. Therefore,
the use of optimal power control to efficiently allocate the total power at the transmitter to reduce the crosstalk can greatly
impact on the performance of the system, which is directly related to the system's BER.

3 OPTIMAL POWER CONTROL

The available optical power at the transmitter is constrained in an indoor VLC system, due to human eye safety
concerns, flickering mitigation, and efforts to reduce power consumption. Various dimming techniques have been
proposed to achieve different levels of illuminance when performing different types of activities.1 In this project,
pulse-width-modulation dimming control has been adopted for varying the power levels in the various color subchannels
due to its ease of implementation.

Let Ptot denote the total available optical power at the transmitter, and then the power constraint in a WDM RGB-LED
VLC system can be written as Ptot = PR + PG + PB, where PR, PG, and PB are the respective optical power of the RGB
channels. As can be seen in Equation (2), the SNR of each color subchannel is affected by the crosstalk interference from
the other two color subchannels, which, in turn, is a function of the allocated power in those two channels. Therefore, by
efficiently allocating the available optical power at the transmitter and taking into consideration the SNR of the individual
channel, the level of interference between the three subchannels (RGB) can be reduced, hence improving the overall
performance of the system.

When information about the state of the channel is available and if the channel can be divided into parallel independent
subchannels such as in the WDM RGB-VLC, the problem of finding the optimal power allocation can be solved by the
water-filling algorithm.15-18 In the water-filling optimization, each subchannel represents a container that is filled with a
certain amount from the total available power considering both noise and interference in the channel.

To better understand how the water-filling algorithm will work in a WDM VLC system, consider the two scenarios in
Figure 3. In the first scenario (see Figure 3A), the blue optical filter has a frequency response that allows a large amount
of green and red lights to pass through. When transmitter power control is not being used, equal power is allocated to
all three subchannels. This creates a lot of crosstalk on the blue subchannel and has a degrading effect on the overall
performance of the system. Recall from Equation (2) in Section 2 that the effect of crosstalk in a particular subchannel is
dependent on the amount of power in the other two subchannels.

In the second scenario (see Figure 3B), since the red and green optical optical filters are relatively “good” at keeping
out the unwanted signals from the blue LED, we can remedy the effect of crosstalk by taking some power from the red
and green subchannels and allocating more power to the blue LED to increase the SNR in the blue subchannel, while
at the same time reducing the amount of crosstalk contributed by the green and red subchannels without affecting too
much the performance in these two subchannels. This results in a better performance in the blue subchannel, and hence
an improved overall system's performance.

The water-filling algorithm is usually formulated in terms of channel capacity. However, channel capacity cannot be
directly measured in practice. This requires a different formulation that makes use of BER to assess the improvement
made to the system. Assuming that the bit rate is the same across all color subchannels, the power allocation problem
can be chosen so as to minimize the rate in Equation (6). Under the power constraint that Ptot is a constant, the power
allocation problem can be solved by finding the solution to the optimization problem in Equation (7)

minimize
⎡⎢⎢⎣1

3

⎛⎜⎜⎝Q
⎛⎜⎜⎝
√|hrr|2PR

No + ΓR

⎞⎟⎟⎠ + Q
⎛⎜⎜⎝
√|hgg|2PG

No + ΓG

⎞⎟⎟⎠ + Q
⎛⎜⎜⎝
√|hbb|2PB

No + ΓB

⎞⎟⎟⎠
⎞⎟⎟⎠
⎤⎥⎥⎦ (7)

subject to
PR + PG + PB = Ptot and PR, PG, PB ≥ 0. (8)
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(A) (B)

FIGURE 3 An example to illustrate the water-filling power control algorithm for a multicarrier red, green, and blue light-emitting diode
visible light communication system. Each color subchannel is viewed as a container and the power levels are determined based on noise and
interference to improve overall system performance. Recall from Figure 2 that we have a “bad” blue filter, which allows signals from the
green and red subchannels to pass through. In case (A), equal power is allocated to all three subchannels, this creates a lot of crosstalk on the
blue subchannel. In case (B), water-filling transmitter power control is used to find the optimal power allocation, which results in better
overall system's performance. This results in an improved performance for the overall system

As explained by the work of Qi et al,15 the solution to Equation (7) can be solved by the Lagrangian method. Consider the
following expression:

(𝜆,PR,PG,PB) ∶= BERRGB − 𝜆(PR + PG + PB), (9)

where 𝜆 is the Lagrange multiplier. Assuming Pi is the transmit power in each color subchannel, the Kuhn-Tucker
conditions for optimal solution are

𝜕

𝜕Pi
= 0 i𝑓 Pi ≥ 0

𝜕

𝜕Pi
≤ 0 i𝑓 Pi = 0

⎫⎪⎬⎪⎭ where Pi ∈ {PR,PG,PB}. (10)

Once the solution to Equation (9) has been obtained, it will determine the water levels (see Figure 3) for the optimal
power allocation. This can then be used to improve the performance of multicarrier WDM VLC systems.

In the next section, we are going to formulate an analytical solution to the optimization problem for a two-channel
WDM VLC system that employs red and blue LEDs and uses OOK as the modulation scheme.

4 SOLUTION TO OPTIMIZATION PROBLEM

In this work, we will consider a general scenario with two colors. The results obtained here can be generalized for appli-
cation to three colors scheme or any number of wavelengths in WDM VLC systems. In the first part of this section, we
look at a VLC system with two color subchannels where there are no optical filters used to discriminate between the
wavelengths. We then look at a more realistic scenario where the effects of the optical filters frequency response on the
attenuation of the received signals are taken into consideration.

4.1 Case 1: Normalized channel attenuations
Consider a case where there are no optical filters used at the receiver; all color subchannels attenuations are normalized,
and the system noise is uniform across all subchannels. Now, consider a WDM VLC system with two color subchannels,
say red and blue. Let the total power in the system P = PR + PB be a constant and the bit rate be the same across the two
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color subchannels. The objective is to

minimize
⎡⎢⎢⎢⎣

Q
(√

PR
P−PR+No

)
+ Q

(√
P−PR

PR+No

)
2

⎤⎥⎥⎥⎦ , (11)

where Q is the Gaussian Q-function function defined in Equation (4) and PB = P − PR. The Gaussian Q-function can be
approximated using the CDS approximation as described in the works of Chiani et al29 and Chen and Beaulieu30

Q(x) ≈ 1
12

exp
(
−x2

2

)
+ 1

4
exp

(
−2x2

3

)
. (12)

Using the expression for the Q-function in Equation (12), a solution to Equation (11) can be found by taking the partial
derivative with respect to PR and equating the result to zero

𝜕

𝜕PR

(
1

12
exp

(
− PR

2(P − PR + No)

)
+ 1

4
exp

(
− 2PR

3(P − PR + No)

)
+ 1

12
exp

(
− P − PR

2(PR + No)

)
+ 1

4
exp

(
− 2(P − PR)

3(PR + No)

))
= 0. (13)

Solving for Equation (13) yields the following results:

−(P + No)
24(P − PR + No)2 exp

(
− PR

2(P − PR + No)

)
− 1

6
P + No

(P − PR + No)2 exp
(
− 2PR

3(P − PR + No)

)
+ 1

24
P + No

(PR + No)2 exp
(
− P − PR

2(PR + No)

)
+ 1

6
P + No

(PR + No)2 exp
(
− 2(P − PR)

3(PR + No)

)
= 0. (14)

Equation (14) shows that one of the stationary point for the cost function in Equation (11) occurs when PR = PB, ie,
when the total available power P is shared equally between the two color subchannels. However, this scenario results in
the worst possible BER.

The aforementioned claims can be verified by plotting the cost function in Equation (11) as a function of both PR and
PB under total power P constraint as illustrated in Figure 4.

From Figure 4, one can see that there exist two other stationary points close to the two extremities. These are global
minimums, and they dictate that, to achieve a better overall BER performance in the system, more power must be allo-
cated to one of the subchannels with respect to the other. This is equivalent in practice to using a single subchannel for

FIGURE 4 Simulated bit-error-rate (BER) cost function as a function of the power levels in the red and blue subchannels with normalized
channel attenuations. The two plots are symmetrical and overlay each other. Equal power to the subchannels results in the worst
performance at a global maximum, while better performances occur at global minimums close to the extremities where much more power is
given to a single subchannel
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data transmission. However, this is an extreme case as it is assumed that no optical filters were used at the receiver to
discriminate between the different wavelengths.

Most of the work in literature on VLC systems, which use WDM to increase the channel capacity, do not consider the
effects of the type of filters used on the performance of such systems. In the next section, we investigate how the type of
filters used affect the overall system's performance with respect to the power allocation in the different color subchannels.

4.2 Case 2: Considering the effects of optical filters
Until now, we have considered an ideal scenario where the respective channel attenuation from the filter have been
neglected. In practice, however, detection of RGB signals at the receiver requires using either optical color filters or color
sensors. Optical color filters have an absorption coefficient, which affect the SNR of the received signals, and hence results
in signal attenuation. The optimization equation can now be written as

minimize
⎡⎢⎢⎢⎣

Q
(√

hrrPR
hrb(P−PR)+No

)
+ Q

(√
hbb(P−PR)
hbrPR+No

)
2

⎤⎥⎥⎥⎦ , (15)

where the hx x variables represent entries in the transmission matrix H, such as that defined in Equation (1). These absorp-
tion coefficients affect the shape of the cost function in Equation (15), and hence determine the performance of the system
for different type of power levels applied to the system.

4.3 Simulation results
In order to understand how the filters' transmission coefficients affect the optimization cost function in Equation (15),
simulations were performed by substituting in the values for hrr, hbb, hrb, and hbr as measured for the filters used in the
experiment. As an example of a low crosstalk case, the resulting H matrix for a two-color scheme using red and blue filters
from Figure 2 is shown in Equation (16) as follows:

H =
(

0.96 0.10
0.16 0.88

)
. (16)

It is important to note that as with the previous case, the channel's noise was assumed to be additive white Gaussian
noise and has been normalized in these computer simulations. The resulting cost function with respect to the power
allocation in the red and blue color subchannels is shown in Figure 5.

The values used for hrr, hbb, hrb, and hbr in the cost function of Equation (15) are simply those of the optical filters used
in our experimental set-up, which can be read from Figure 2. Figure 5 shows the calculated values for “good” filters,
namely, the blue and red, which have minimal crosstalk.

Taking a closer look at the plot in Figure 5 reveals that the optimal power allocation in this case is asymmetrical and does
not lie half way between the two color subchannels as would be the case in a naive implementation. That said, because

FIGURE 5 Bit-error-rate cost function to illustrate the trend in the system's overall performance as a function of the power allocation in
the red and blue channels. This plot shows that the optimal power allocation point lies at 43% for the red subchannel and 57% for the blue.
The channel noise was assumed to be additive white Gaussian noise and has been normalized for the simulation. Due to the fact that the
total available power in the system is constrained, the two graphs are mirror images of each other in the vertical axis
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FIGURE 6 Block diagram of the experimental setup for the wavelength division multiplexing visible light communication system. The
uplink feedback is used to obtain information about the state of the channel and was implemented in software as a way to simulate a two-way
system. ADC, analog-to-digital converter; LPF: low pass filter; OOK, on off keying; PD: photodiode; PWM, pulse width modulation, TIA:
transimpedance amplifier

good filters have been used, the allocation is expected to be close to 50%. When higher crosstalk is present, the split will
be more significant as shown in the experiment. The calculated optimal power settings are 57% of the total transmitter
power for the blue subchannel, while the remaining 43% should be allocated to the red subchannel.

5 EXPERIMENTAL SET-UP

The experimental set-up of the WDM VLC testbed used in this paper using red and blue LEDs with modulating data over
a distance of 1 m optical channel is shown in Figure 6. Our WDM system comprises of discrete red and blue LEDs with
wavelength in the regions of 630 nm (red) and 465 nm (blue).

The Cree XLamp XB-D LEDs series was selected. These 3000 mW radiant flux LEDs show a high efficiency of up to 136
lumen/W in cool white (at 85◦ C, 350 m A), providing a nominal flux of 139 lumen at 25◦ C. With a maximum driving
current of 1 A and a wide viewing angle from 115◦ to 140◦, this is sufficient for data transfer over a distance of 1 m.
Modulation bandwidth testing was conducted to assess the switching capability of the LEDs using a square wave, which
shows that no distortion occurs up to a frequency of 1 MHz transistor-transistor logic signal input.

The data signals are generated from a computer and fed to a microcontroller unit to drive the two LEDs (red and blue)
simultaneously and with the same bit rate. Two independent pulse-width-modulation dimming control signals are also
generated by the microcontroller and combined with the data signals to vary the power allocated to each color subchannel.
The resulting signals are then used to modulate the LEDs.

At the receiver, optical color filters are used to separate the incoming signals, which are detected using a PIN photodiode
with spectral range of sensitivity in the region of 400 nm to 1100 nm. This covers the LEDs used in this project with an
active area of 1 mm2. By use of a transimpedance amplifier, the output current from the photodiode is converted into a
voltage signal that can be sample by the analog-to-digital converter of the microcontroller. The resulting digital data is
then fed to the receiving computer for BER analysis and further processing.

The uplink feedback is used to obtain information about the state of the channel related to the hx x values, when different
type of filters are used at the receiver. This information is then used to determine the optimal power allocation for the
specific type of filters currently used in the system. In the current project, this feedback channel was implemented in
software as a way to simulated a two-way system on the experimental set-up.

6 EXPERIMENTAL METHODOLOGY AND RESULTS

In order to validate the simulation results, the power allocation was implemented on the experimental set-up and tested
with different type of filters. The experimental set-up uses optical filters that correspond to the values used for hrr, hbb,
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FIGURE 7 Simulations (right) and experimental (left) BER trends as a function of the power allocation in the red and blue subchannels
for two different sets of filters. The experimental results closely follow the theoretical predictions in terms of the optimal power allocation.
The vertical lines indicate the optimal power allocations based on the experimental results and the discrepancy to the theory is due to the
granularity of the experiment

hrb, and hbr during simulations. In addition, the data rate across the blue and the red color subchannels was kept the same
to ensure uniformity with the computer simulations as per Equation (15). We are interested in the trend of the system's
BER as a function of the power allocation, and therefore, for every power allocation in the red and blue subchannels,
the corresponding BER was calculated. The same process was repeated with different type of filters to determine how
the system behaves under different conditions, and more importantly, how these optical filters affect the location of the
optimal operating point. The experimental results are presented in Figure 7.

Figure 7 shows that the experimental results closely follow the same trend as predicted by the simulations. It is impor-
tant to note the discrepancy between the simulated BER values and the experimental ones. This is due to the fact that, in
the computer simulations, the channel noise and attenuations were normalized. We can also see in Figure 7 that, when a
set of “good” optical filters (see Figure 2), which have minimal crosstalk, is used on the red and the blue color subchan-
nels, the optimal power allocation point lies closely within the (50 − 50)% mark. However, it can be seen that, when a
“bad” filter such as the “turquoise” optical filter (see Figure 2) is used on the blue channel, the optimal power allocation
point shifts significantly away from the half-way mark. In this case, a lot more power needs to be allocated to the blue
subchannel to compensate for the frequency response of the “turquoise” filter. A similar pattern was observed with other
type of red and blue filters. The optical “turquoise” filter use case scenario has been presented here to illustrate the impact
that the filters' transmission indexes have on the power allocation.

The objective of this paper was to be able to predict the trend in the system's BER as a function of the power allocation
in the red and blue color subchannels, and to assess the impact that the optical filters used, have on the location of
the optimal power allocation point. The results in Figure 7 show that the performance of WDM system can be greatly
improved by using a power allocation scheme that takes into consideration the frequency response of the optical filters
used at the receiver.

Future work and improvement to the model should consider the possibility of predicting the exact BER values in
addition to the trends and location of the optimal power point.

7 CONCLUSION

In this paper, we have shown that using an approach based on the water-filling algorithm, we are able to predict the trend
in the overall performance of a WDM VLC system that employs red and blue LEDs. Experimental results show that the
optimal power allocation point does not always lie close to the half-way mark, due to the fact that it is dependent on
the type of optical filters used to discriminate between the wavelengths. This simplified model, although not yet able to
predict the exact BER of the system, can still adequately determine the optimal power levels in the different subchannels,
which will result in the best overall performance for the multicarrier VLC system. The results obtained in this paper
can be extended to WDM VLC systems with three or any number of wavelengths. Our model can be used in the design
and implementation of multicarrier VLC systems to minimize the crosstalk between subchannels. This will improve the
performance and lead to efficient higher bandwidth in such systems.
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